The investigation is focused on the elucidation of symbiotic effectiveness mechanisms of arbuscular mycorrhiza (AM) which is one of the most widespread symbiosis, developed between Glomeromycota fungi and 92 % of land plants. The role of auxin in regulation of plant development with AM fungi symbiosis might be considered as one of such mechanisms, since this plant hormone plays a key role in root development and accelerates spore germination, intensifies the infection process and subsequent growth of the hyphae after exogenous addition. This study is aimed to identify for the first time the dynamics of endogenous indole acetic acid (IAA) concentration in roots and leaves of strongly mycotrophic black medick line (Medicago lupulina) under conditions of lowphosphorus available for plants nutrition in the soil. Analyses were carried out in the course of plant development. On day 14 after sowing (DAS), at the stage of the first true leaf development, we observed primary infection, the formation of the first arbuscules (a, %) and vesicles in roots, and the beginning of lateral root formation and primary growth response to mycorrhization manifested in the development of above-ground plant parts. On DAS 21 (the second leaf stage) there was a significant growth response to mycorrhization and arbuscule development in roots. On DAS 35, at shooting stage, the arbuscule development and active development of vesicles in roots occurred. Finally, on DAS 50 (at flowering start) the vesicles development was more active. Analysis of mycorrhization level showed that arbuscules played a key role in the formation of effective symbiosis in black medick at the stages of the first and second leaf, and the a/(100 %  a) value increased to 8.0±0.7 and 18.5±1.3, respectively. At later stages of shooting and flowering, their role diminished as compared to the mycelium development in the roots. The efficiency of the inoculation with AM Rhizophagus irregularis symbiotic fungi tested by weight of aboveground parts significantly increased starting with the phase of the second leaf, and remained high until the end of the experiment (above 120 %). At the same time, the weight response was absent in roots until the phase of flowering. A 2.2-fold increase in IAA level in roots at the phase of the first leaf, i.e. at the earliest stages of AM symbiosis establishing, led to inhibition of the root growth. On the other hand, the 1.8-fold increase in endogenous IAA in leaves at the second leaf phase was preceded by the elevation of AM efficiency by weight for aboveground parts, and, therefore, a shift in IAA concentration significantly intensified
A b s t r a c t
The investigation is focused on the elucidation of symbiotic effectiveness mechanisms of arbuscular mycorrhiza (AM) which is one of the most widespread symbiosis, developed between Glomeromycota fungi and 92 % of land plants. The role of auxin in regulation of plant development with AM fungi symbiosis might be considered as one of such mechanisms, since this plant hormone plays a key role in root development and accelerates spore germination, intensifies the infection process and subsequent growth of the hyphae after exogenous addition. This study is aimed to identify for the first time the dynamics of endogenous indole acetic acid (IAA) concentration in roots and leaves of strongly mycotrophic black medick line (Medicago lupulina) under conditions of lowphosphorus available for plants nutrition in the soil. Analyses were carried out in the course of plant development. On day 14 after sowing (DAS), at the stage of the first true leaf development, we observed primary infection, the formation of the first arbuscules (a, %) and vesicles in roots, and the beginning of lateral root formation and primary growth response to mycorrhization manifested in the development of above-ground plant parts. On DAS 21 (the second leaf stage) there was a significant growth response to mycorrhization and arbuscule development in roots. On DAS 35, at shooting stage, the arbuscule development and active development of vesicles in roots occurred. Finally, on DAS 50 (at flowering start) the vesicles development was more active. Analysis of mycorrhization level showed that arbuscules played a key role in the formation of effective symbiosis in black medick at the stages of the first and second leaf, and the a/(100 %  a) value increased to 8.0±0.7 and 18.5±1.3, respectively. At later stages of shooting and flowering, their role diminished as compared to the mycelium development in the roots. The efficiency of the inoculation with AM Rhizophagus irregularis symbiotic fungi tested by weight of aboveground parts significantly increased starting with the phase of the second leaf, and remained high until the end of the experiment (above 120 %). At the same time, the weight response was absent in roots until the phase of flowering. A 2.2-fold increase in IAA level in roots at the phase of the first leaf, i.e. at the earliest stages of AM symbiosis establishing, led to inhibition of the root growth. On the other hand, the 1.8-fold increase in endogenous IAA in leaves at the second leaf phase was preceded by the elevation of AM efficiency by weight for aboveground parts, and, therefore, a shift in IAA concentration significantly intensified development of the aboveground parts at the shooting and flowering.
Keywords: auxin, indolilacetic acid, arbuscular mycorrhiza, symbiotic efficiency, Rhizophagus irregularis, Medicago lupulina Arbuscular mycorrhiza (AM) is one of the most widespread natural symbiosis formed by Glomeromycota fungi and 92 % of land plants. AM has a significant diversity of morphotypes and plays a key role in meadow and forest ecosystems, contributing to a significant increase in the mineral (especially phosphate) nutrition of plants [1, 2] . AM can determine the productivity of plants and their adaptation to adverse environmental factors, especially to low amounts of nutrients in soil. It is shown that the availability of inorganic phosphorus (Pi) is a key factor in the development of AM symbiosis. With a lack of phosphorus, the root length can increase by more than 80 % due to the development of the fungus [3] , while the increase in availability of Pi significantly reduces the colonization rate [4] . At the same time, the development of arbuscular mycorrhiza does not always affect the length of the root, i.e. AM can affect the number of lateral roots, modulating root architecture. It is assumed that such a change leads to an increase in the number of appressoria. This hypothesis is supported by data on the induction of the lateral roots formation in Medicago truncatula during the germination of fungal spores, as well as the increase in the number of lateral roots in the lrt1 mutant of maize during AM formation [5, 6] . Morphological and physiological modifications in the root system of plants indicate the possibility of AM-induced changes in the activity of endogenous growth regulators. According to modern concepts, many of the phytohormones are involved in the induction of the root formation during phosphate starvation [7] [8] [9] [10] [11] . Since auxin plays a key role in the regulation of root development, it has been suggested that this hormone can affect AM development [12, 13] .
In the past few years, the role of auxin in the development of the relationship between the host plant and the AM fungus has been identified. Exogenous treatment with auxin accelerated spore germination, intensified colonization and subsequent growth of hyphae [12] . An increase in the concentration of indole acetic acid (IAA) was observed during colonization of the leek roots by AM fungi [14] that was accompanied by changes in the structure of the roots, they became more numerous, branched and shortened [15, 16] . At the same time, AM-induced accumulation of IAA was not systemic. Inoculating one part of the roots of the plant and preserving the other to be intact (split-root system) showed that the hormone was accumulated only in the roots that were directly inoculated [17] . Data have been obtained on the increase in the content of another natural auxin, indole-3-butyric acid (IBA), in AM colonization of maize roots [18, 19] ; IBA is also known as a root growth regulator [20] . Decreased AM colonization was noted in mutants with disorders of auxin biosynthesis, such as "bushy" pea mutant (Pisum sativum) characterized by a low amount of IAA in shoots and roots, and a diageotropic mutant ("dia-geotropica") of tomato (Solanum lycopersicum) resistant to auxin [13, 21] . Along with the increase in the amount of free IAA, a change in the content of its conjugates with sugars and amides was observed, which correlated with the accumulation of transcripts of genes encoding IAA-amido synthetase and GH3-like protein in mycorrhization of tomato roots [22] . Another mechanism for regulating the amount of free IAA can be associated with proteins that transmit the auxin of the PINs family, which ensure its polar transport in the axial organs and lateral redistribution. Mutants with a violation of the coding of these carriers had a weakened symbiosis with AM fungi, probably due to a change in the intensity of the lateral root insertion [23, 24] .
The reported data indicates a significant dynamics of accumulation of auxin in plant roots during the formation of a mutually beneficial AM symbiosis. The synthesis, conjugation and transport of the hormone are involved in the process. Such a complexity seems to be the reason why in a number of cases the role of auxin was not traced or manifested itself weakly [25] . The activity of the components can vary considerably depending on the species, age and stage of plant ontogenesis. In the present study, for the first time, an increase in the auxin content in roots was shown in the strongly mycotrophic black medick line even at the early stages of AM formation, with mycorrhiza leading to inhibition of root growth, but at the same time initiating the development of the shoot. For the first time, it was suggested that AM indirectly, through a significant increase in the amount of IAA, has a beneficial effect on the development of assimilation apparatus.
The aim of our work was to analyze the effectiveness of mycorrhiza and to evaluate the dynamics of the endogenous concentration of indole acetic acid in roots and leaves of black medick under low phosphorus in the soil. [26] .
In pot trials [27] , we used substrates with a low content of available phosphorus (Pa). In sod-podzol light loamy soil, P 2 O 5 and K 2 O contents according to Kirsanov were 3.9 and 7.0 mg per 100 g, respectively, with organic matter of 3 % and a pH KCl (after liming) of 6.1. The substrate was an air-dry soil-sand mixture in a ratio of 2:1, which was autoclaved twice (at 2 day intervals) for 1 hour at 134 C and 2 atm (no toxicity after treatment). Four plants per pot were planted in pots filled with 210 g of soil-sand mixture, and cultivated with slow ventilation in a light box that had previously been subjected to UV sterilization. The day/night regime was 18 h/6 h, the air temperature was 24-26 C, and the luminous flux was 1500-1700 lm. In the test variant, inoculation was carried out with the roots of the Plectranthus mycorrhizated by RCAM00320, and non-mycorrhizated roots of the Plectranthus were used in control.
To quantify the mycorrhiza (arbuscular abundance a, %), maceration and staining roots of plants with AM [28] and light microscopy [29] were performed according to the description [30] . The method was improved using the advanced computer program in the Microsoft Excel shell [31] . The symbiotic efficacy of AM was determined by the gain of raw biomass of the aboveground parts and roots [32] . The auxin (IAA) level was determined in roots and aboveground parts during each phases of growth. Cotyledons were collected (day 1 after sowing), rounded and the 1st true leaf (day 14, 1st true leaf stage), rounded, 1st and 2nd true leaves (day 21, 2nd true leaf stage), 2nd, 3rd and 4th leaves (day 35, shooting stage), and three top leaves (3rd, 4th and 5th leaves) below the first inflorescence (day 50, flowering stage). The samples (lyophilized roots and leaves) were homogenized and extracted with 80 % ethanol (1:10 w/v) for 16-20 hours at 4 C. The alcohol extract was separated by centrifugation and then evaporated to an aqueous residue. Auxins extraction into diethyl ether from the acidified aqueous residue of the alcohol extract followed by extraction into a solution of sodium carbonate and re-extraction into diethyl ether (after acidification of sodium carbonate) was carried out with a decrease in volume in each next cycle of extraction and re-extraction [33] . After methylation, the amount of auxins was determined by solid-phase enzyme-linked immunosorbent assay [33] .
The figures show the mean (M) and standard errors of the mean (±SEM). Differences assessed according to Student's t-test were considered statistically significant at P < 0.05.
Results. Pot test allows us to provide optimal conditions for the development of AM and to avoid spontaneous infection with rhizobia and other symbiotic microorganisms [27] . Black medick (2n = 16) is one of the most widespread species of the genus Medicago, the subgenus Lupularia (Ser.) Grossh., family Leguminosae Endl. Black medick is capable of a significant response to mycorrhiza with fungus R. irregularis with a low Pa content in soil [28] , seed productivity is up to 2500 pcs. per plant and even more when grown in a greenhouse for reproduction. This plant species is autogamous with a genome size of  500 MB. The plants of the MlS-1 line used in the study showed signs of dwarfism in the absence of AM inoculation and at a low soil Pa. Strain RCAM00320 is an obligate symbiont [26] .
Development of black medick includes 1st and 2nd true leaves stage, shooting and flowering. It was previously established that the AM primary colonization, the formation of the first arbuscules and intra-root vesicles, the formation of lateral roots, and the primary growth response to mycorrhiza occur at the 1st true leaf stage (on day 14). In the next stage (on day 21), when the 2nd true leaf is formed, a significant growth response to mycorrhization is revealed, the arbuscules develop in the root. In the phase of shooting (on day 35), symbiotic structures (arbuscules and vesicles) are actively formed. At the beginning of flowering (on day 50), the development of vesicles is intensified [26] . Thus, these periods are most important for plant and AM formation.
At low phosphorus in soil, plants very slowly increased biomass of roots and aboveground parts in the control (Fig. 1) . The dynamics of weight change was similar for both analyzed parts of plants. A significant accumulation of biomass was noted only during flowering. Inoculation of plants practically did not affect growth of the roots, but induced a multiple increase in the aboveground part biomass. The first response to mycorrhization was observed in shoots from day 14, the most significant increment of the aboveground biomass occurred during shooting.
At early stages of the plant ontogenesis, the development of R. irregularis was sharply intensified, primarily the formation of arbuscules. The main transporters responsible for the transition of phosphate, water and other substances are located on the branches of periarbuscular membrane. Arbuscules rate can significantly change as the plant develops, which is probably due to the limited life time (4-5 days) of arbuscules which degradation can take only 2.5-5.5 hours [34] . In the opinion of some authors, the plant controls the number of arbuscules by redistributing the flow of carbon-containing compounds [35] . Earlier it was shown [26] that arbuscules develop intensively at later periods. The results obtained by us, apparently, reflect the intensive development of the mycelium (Fig. 2) .
On day 21, the effectiveness of root mycorrhization became negative (Fig. 3) and the increase in the number of arbuscules was not resulted from the intensive root growth. In the later stages of plant development, the efficiency of mycorrhization had small positive values. On the contrary, the symbiotic effectiveness of the aboveground part has always been positive. This index reached 120 % by shooting and did not change further.
These facts are in general consistent with generally accepted beliefs about the dynamic of AM development. It is known that during mycorrhization the ratio of root and shoot biomass decreases [1, 36, 37] , since the increased consumption of organic substances by roots initiates the development of photosynthetic organs. According to some data, from 4 to 20 % of photoassimilates can be directed to the mycorrhizal root system [38] [39] [40] . The disruption of their transport significantly inhibits the development of AM, which can be considered as an effective regulatory mechanism. In turn, the development of arbuscules and intra-root mycelium ensures the requirements of the plant in mineral nutrition [41] .
The proposed symbiotic model (strongly mycotrophic line MlS-1-R. irregularis) made it possible to characterize the dynamic processes in the fungus and host plant. Particularly interesting are the multidirectional changes in the accumulation of shoot and root biomass and in the effectiveness of symbiosis.
The content of IAA in the raw biomass of roots without AM was low in the seedling phase and gradually increased, slightly increasing to the flowering phase (1.4-fold in the aboveground parts and 1.8-fold in the roots) (Fig. 4) . It should be noted that the content of IAA in the roots was lower than in shoots, except the shooting period, which corresponds to the current understanding of the IAA balance in tissues and organs [42] [43] [44] . Despite the lack of symbiotic efficacy, calculated from root weighting, the first response to mycorrhization was the increase in the amount of IAA at the 1st true leaf (see Fig. 4 ). The IAA level in roots of AM plants further remained 1.6-2.2 times above the control values and reached a maximum at shooting. In the aboveground parts, the response to mycorrhization manifested in a change of IAA level was fixed at the 2nd true leaf stage, after which the amount of IAA did not increase So, when the black medick plants were inoculated with the fungus Rhizophagus irregularis under low phosphorus content in soil, a significant increase in the amount of indole acetic acid in the roots and shoots was observed. An increment in the auxin level in the root occurred even at the earliest stages of arbuscular mycorrhiza formation. In this, plant inoculation practically did not affect the increase in root biomass, but led to a significant increase in biomass of the aboveground part. Probably, the attractant effect characteristic of auxin serves as a trigger mechanism for enhancing transport of carbon-containing compounds to the roots. 
